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H I G H L I G H T S
• Numerical proof of concept is provided for a novel dynamic PCM building system.
• The system is able to modify the position of PCM with respect to the insulation.
• The system can not only be used as thermal barrier but as a cooling supplier system.
• Activations of the system and melting PCM temperature were optimized.
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A B S T R A C T
A novel concept based on the dynamic use of phase change materials (PCM) in building envelopes is presented in
this paper. The concept aims at breaking the main technical barriers that PCM have been dealing with in its
application as passive cooling system: (i) solidiﬁcation process of PCM is limited and (ii) peak cooling load is
delayed but mainly discharged indoors. The concept relies on the ability of the system to modify the position of
the PCM layer inside the building envelope with respect to the insulation layer. A proof of concept evaluation
based on a numerical tool demonstrates the cooling load reduction potential of this technology when im-
plemented in diﬀerent construction systems. PCM peak melting temperature as well as the daily activations of
the system were optimized using a Particle Swarm Optimization (PSO) algorithm. The numerical results indicate
that the dynamic system facilitates dramatically the solidiﬁcation process of PCM, allowing the system to be
designed with lower PCM peak melting temperatures. The potential of the system to charge PCM which solidiﬁes
at temperatures lower than indoor set point, allows the technology to be used not only as a thermal barrier but as
a cooling supplier system.
1. Introduction
It is well known that the building sector is responsible for con-
suming large quantities of global ﬁnal energy, and according to the
International Energy Agency (IEA), it emits roughly one-third of all
greenhouse gas emissions [1]. In Europe, 50% of this energy use and
related gas emissions correspond to space heating and cooling systems
[2], and this value would tend to increase if no actions are considered,
as a signiﬁcant rise in cooling energy demand (150% globally and
300–600% in developing countries) is expected by 2050 [3].
Within this context, an appropriate design of the building envelopes
has a crucial impact to decrease the building energy use while main-
taining occupants thermal comfort. The use of phase change materials
(PCM) as passive cooling system in buildings has attracted the attention
of several researchers due to their high energy density within a small
range of temperature [4], which allows it to prevent or delay the
cooling peak load to the indoor environment, can provide a favourable
thermal regulation eﬀect reducing thermal indoor overheating rate [5],
and is able to reduce heat stress risks during extreme heatwaves in
summer [6]. Research has been carried out to incorporate PCM into
building envelopes as microencapsulated inside the material, such as
concrete [7], gypsum [8], or ﬁbre insulations [9], or as a new layer
inside the constructive system, as impregnated into gypsum plaster-
board [10], or installed in macro-encapsulated panels [11].
The thermal performance of buildings is associated with complex
physical phenomena and it is highly corresponded to the indoor and
outdoor conditions, especially when PCM is integrated as passive
system. Therefore, numerical tools have been widely used to analyse
the performance of PCM passive systems in buildings as reviewed by
Saﬀari et al. [12]. Numerical research has emphasized the beneﬁts of
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using the passive PCM technology [13,14] as well as evaluating the cost
and payback period of such systems [15,16]. In addition, numerical
studies analysed the inﬂuence of the melting point [17] and the per-
formance under diﬀerent weather conditions [18], concluding that
PCM passive systems should be designed speciﬁcally for each building,
use, and climate conditions [19].
Moreover, experimental research also demonstrated the beneﬁts
and limitations of using this technology in building envelopes. Kuznik
and Virgone [20] tested in a climatic chamber a PCM copolymer
composite wall showing that the use of this material reduces sig-
niﬁcantly the maximum room air temperature. Lei et al. [21] tested
numerically the implementation of PCM layer in oﬃce building in
Singapore, achieving signiﬁcant cooling savings when quantity, posi-
tion, and phase change temperature are well selected. Within this
context, Lee et al. [22] experimentally investigated optimum position of
PCM thermal shields into a south and west building walls in order to
reduce peak heat ﬂux. In addition, Castell et al. [23] experimentally
tested an insulated house like cubicle with macro-encapsulated panels
of RT27 (melting at around 27 °C) in the inner surface, showing a re-
duction of 15% of the energy use for space cooling in summer days in
which temperature at night is low enough to solidify the PCM and
hence be charged for the following day. In a similar way, Mandilaras
et al. [24] experimentally tested the use of PCM (BASF Micronal
melting point 23 °C) in gypsum boards of two storey dwellings in
Greece. According to the results, PCM was only active in the period
between September and June, as night temperatures do not allow so-
lidiﬁcation during July and August, which are the periods in which
reduction of cooling load is mostly required. This is critical because
PCM is usually placed closer to the inner environment to exploit its
thermal mass, as it can deal with internal gains, and partially prevent or
lag the cooling peak load, hence, insulating layer is placed between
PCM and outdoor environment, which has two main drawbacks: (i)
solidiﬁcation process of PCM is limited as PCM layer is not directly
exposed to night outdoor temperatures, but thermally protected by
insulating layer; (ii) peak cooling load is delayed as it has been accu-
mulated in the PCM, but that accumulated heat is mainly discharged to
the indoor environment because the insulating layer limits its discharge
to outdoors.
An appropriate and controlled use of natural ventilation could be a
possible solution to these drawbacks. Barzin et al. [25] tested experi-
mentally the use of ventilation in two identical test huts equipped with
smart control systems, one of them with PCM in its envelope. Authors
demonstrated that with the use of night free cooling, impressive elec-
tricity saving of 73% over a one-week period was achieved. However,
PCM can even increase the cooling load if not used with an appropriate
controlled natural ventilation. Moreover, authors have highlighted that
night ventilation can create inconvenience and discomfort for occu-
pants and its control has to consider outdoor boundary conditions such
as temperature, humidity, wind pressure, coeﬃcients, and wind velo-
city. Recently, Wijesuriya et al. [26] conducted a parametric analysis
based on numerical simulation to analyse PCM location, PCM proper-
ties and precooling strategies to take proﬁt out of diﬀerent time-of-use
electric rates. Numerical results highlight the necessity of using forced
convection with high-eﬃciency fans in order to achieve 25% of cost
savings. Furthermore, Mi et al. [27] conducted an energy and economic
analysis of building integrated PCM systems in diﬀerent cities and
buildings of China, and concluded that even though passive PCM
technology can provide signiﬁcant energy savings in cooling period, it
is still not attractive economically, at current prices.
As it can be seen from the provided state-of-the art, scientist have
been focusing research mainly in developing new PCM materials or
improving their designs and implementation into building components
[28,29]. However, these advances have not already overcome the two
identiﬁed main drawbacks: limited potential for solidiﬁcation and dis-
charge indoors the accumulated heat. Considering the potential climate
adaptive building shells (CABS) [30] of combining beneﬁcial aspects of
passive and active building technologies, this paper presents a novel
kind of CABS technology. The new proposed system relies on the ability
to change the position of PCM to overcome the two previously cited
drawbacks. It changes the position of the PCM layer with respect to the
insulation during the day to be facing outdoors during the night, and be
placed facing indoors during peak load hours. A numerical model based
on ﬁnite control volume method was developed to evaluate the thermal
performance of the system, to provide a proof of concept of the tech-
nology, and state guidelines for its appropriate design and control.
2. Methodology
2.1. Concept and operating principle description
The concept behind the proposed technology (dynamic PCM system
hereinafter) is based on the possibility to vary the position of the PCM
layer with respect to the insulating layer of a building envelope (ver-
tical or roof). Thus, the constructive system will be able to locate the
PCM at the outer part of the insulation during night time hours, so the
PCM can easily release the absorbed heat during peak cooling hours to
outdoors instead of indoors, and increase its possibilities to be solidiﬁed
and charged for the following day. On the other hand, PCM will be
moved back to face indoor space during daytime to absorb peak cooling
load and possible internal gains.
As an example, a possible application of the dynamic PCM system in
a typical Mediterranean vertical construction system is shown in Fig. 1.
This constructive system is based on two layers of ceramic bricks (Layer
1 and Layer 4 in Fig. 1 and insulation (i.e. mineral wool) without air
gaps. In that possible implementation of the dynamic PCM system, PCM
is a shape stabilized PCM into a polymeric matrix such as the one de-
veloped by Barreneche et al. [31]. A continuous polymeric sheet (Layer
2 in Fig. 1) surrounds the insulating layer (Layer 3 in Fig. 1) of the
constructive system. Half of that continuous polymeric sheet will be
enhanced by PCM (Layer 2b in Fig. 1) while the other half will not
(Layer 2a in Fig. 1), and manual or mechanic rollers (5 in Fig. 1) will be
used to move the polymeric sheet, and hence vary the location of PCM
with respect to the insulation layer. Electrical energy consumption of
such mechanic rollers are neglected in this study as their activations are
very short (less than one minute) with an electrical power around
100W.
A possible application of the technology in any constructive system
is shown in Fig. 2, where a rotatable polymer-PCM composite is placed
surrounding the insulating layer. Since only half of the composite layer
is improved with PCM (blue part), the system can position the part with
PCM facing either indoors or outdoors with respect to the insulating
layer. Other than the polymer-PCM composite layer, alternative
morphologies and solutions can be used to implement PCM in this
technology. Tubes ﬁlled with PCM attached to continuous layers, or
honeycomb systems are promising alternatives as shown in Fig. 2.
2.2. Numerical model
The numerical model used in this study is similar to the experi-
mentally validated model developed by Izquierdo-Barrientos et al. [32].
The model is based on one dimensional ﬁnite control volume method
[33] and solves the energy equation using a fully implicit scheme. Heat
transfer in the diﬀerent solid layers is governed by the heat conduction
equation (Eq. (1)) while convective heat transfer coeﬃcient is used for
the energy balance at the inner surface (Eq. (2)). Apart from the con-
vective term, in the outer surface of the envelope, the radiosity method
is used to calculate the solar and thermal radiation balance (Eqs.
(3)–(5)).
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The following assumptions have been made in the numerical model:
(i) Thermal radiation between surfaces is considered one-dimen-
sional.
(ii) The heat transfer coeﬃcients between the surfaces and the inner
and outer environments (hin and hout) are assumed constant and
equal to 8 and 25W/m2·K respectively, according to the Spanish
standards [34].
(iii) All materials are homogeneous and isotropic.
(iv) The phase change processes (both melting and solidiﬁcation) are
implemented through an equivalent heat capacity method [35].
Temperature dependence on PCM speciﬁc heat capacity is con-
sidered to have a triangle shaped centred on TPCM [36,37]. Full
phase change occurs in a thermal range of 4 K, and no hysteresis
neither subcooling is considered.
(v) Sky is considered as a blackbody at a temperature equal to
=T T0.0552sky 1.5 [38].
(vi) Solar absorptivity of outer surface is considered constant and
equal to 0.6, while its emissivity is set to 0.9 [39].
(vii) View factors of the outer vertical surface to sky (Fso sky, ) and to
ground (Fso ground, ) are set to 0.5.
(viii) Temperature of indoor environment (Tindoor) is set constant to
24 °C, considering the use of any HVAC system to maintain an
appropriate level of comfort according to ASHRAE standards
[40].
Following the guidelines provided by Izquierdo-Barrientos et al.
[32], each layer of the wall is discretized with a uniform spatial step of
1mm. The time step used in the simulations is 1 min. Both time and
spatial step were tested to ensure mesh independence and consistency
of the numerical scheme. The system of algebraic linear equations ex-
tracted from the ﬁnite volume method was solved using Gauss Seidel
iterative method.
The position of the PCM layer with respect to the insulation layer is
determined by a Boolean variable POS which is 0 in case PCM is facing
the internal surface of the building envelope, and is set to 1 in case PCM
is facing outdoors (Fig. 3). In case activation of the system
( − ≠POS t POS t[ 1] [ ]) the temperatures inside the polymeric layer (2a
and 2b in Fig. 1) are updated according to the new position, and surface
temperatures of polymeric layer (spatial node between 1 and 2a and 2b-
4, and between 2a and 3 and 3-2b) are updated according to the energy
balance.
The diﬀerent wall compositions as well as dimensions and thermos-
physical properties of the diﬀerent layers and materials will be given in
Section 2.4.
2.3. Optimization of design and control parameters
A generic optimization program (GenOpt v3.11) [41] is used to
optimize design (PCM melting temperature) and control (change of POS
[t] Boolean variable) parameters. Particle swarm optimization algo-
rithm with constriction coeﬃcient (PSOCC) with 20 generations, 20
particles per generation, and 2 seeds was implemented and coupled to
the numerical model described in Section 2.1. Generally, using PSO
algorithm decreases the chance of not reaching the optimum solution
because it distributes many particles in the search domain, hence it is
commonly used for global optimization purposes, specially, problems
with several independent variables [42].
The algorithm selects the following three variables to minimize the
Fig. 1. Sketch of possible implementation of the dynamic PCM system in a ceramic-based vertical building envelope.
Fig. 2. Sketch of possible implementation of PCM in the developed system.
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accumulated cooling load per square meter (J/m2·day):
(i) PCM melting temperature (TPCM) (centre of the triangle Cp(T)
curve) exploring the integer values in the range from 8 to 29 °C.
(ii) Time when the POS[t] is set to 1 every day and hence PCM is
located facing outdoors (t1). Explored continuously the range from 0 to
24 h.
(iii) Time when the POS[t] is set to 0 every day and hence PCM is
located facing indoors (t0). Explored continuously the range from 0 to
24 h.
The daily cooling load is computed as shown in Eqs. (6) and (7):
= −Q h T Ṫ ( )cooling in si indoor (6)
∫=Q Q dṫ ·load
t
t
cooling
end
0 (7)
2.4. Case studies
The performance of the novel dynamic PCM system has been nu-
merically analysed considering the registered weather conditions
during July 1st to 10th 2017 in the experimental set-up of Puigverd de
Lleida [43]. Outdoor temperature as well as vertical global solar ra-
diation are shown in Fig. 4 for the analysed period. It can be seen that
maximum outdoor temperatures daily oscillate between 33 °C and
40 °C, while minimum outdoor temperatures were between 16 °C and
21 °C. Moreover, vertical global solar radiation proﬁle shows daily
peaks of around 475W/m2 with almost completely fully sunny condi-
tions.
The dynamic system has been implemented in the south wall of the
following three diﬀerent constructive systems:
• Case-600 building prototype selected from ASHRAE Standard 140-
2011 [44]. This constructive system is based on concrete block,
foam insulation, and wood siding. U-value of this building envelope
is 0.537W/m2·K. Thermal mass of this constructive system is located
indoors (concrete block).
• Typical Mediterranean constructive system as the one tested in the
experimental set-up of Puigverd de Lleida, Spain. This constructive
system is based on two layers of brick and mineral wool. U-value of
this building envelope is 0.66W/m2·K. Thermal mass of this con-
structive system is located in both sides of insulation (hollow and
perforated brick).
• Ideal envelope. This constructive system is only based on one layer
of insulation (Layer 3 in Fig. 1) and the polymeric sheet with and
without PCM (2a and 2b in Fig. 1). In this system, the PCM layer is
exposed directly to outdoor and indoor environments, maximizing
heat transfer and hence its thermal beneﬁts. U-value of this building
envelope is 0.66W/m2·K. This constructive system has no thermal
mass.
The thermo-physical properties and layer thickness of each con-
structive system is given in Table 1. As it was previously stated, in all
cases indoor temperature is ﬁxed at 24 °C.
Furthermore, the speciﬁc heat capacity of the PCM layer is a triangle
shaped function of temperature, centred at TPCM , with 2000 J/kg·K
outside the phase change range (solid and liquid sensible region), and
an enthalpy of fusion of 200 J/g, similar to those available in the
market [45,46]. In this study diﬀerent proportions of PCM inside the
plastic sheet have been analysed (0%, 25%, 50% 75% and 100%). This
parametric analysis stands mainly to evaluate the performance of the
system, in case that the proportion of PCM which can be incorporated
in the plastic sheet is limited.
For each construction system, the performance of both static and
dynamic system have been tested. Static system stands for the con-
ventional use of PCM as passive system, therefore the PCM is always
placed in the layer facing indoors. On the other hand, as it was pre-
viously described, the dynamic system can move the position of the
PCM with respect of the insulation layer depending on the boundaries
and thermal requirements.
The present study focuses the proof of concept to a south oriented
vertical wall, however, the system can be implemented in other or-
ientations and in roofs.
3. Results and discussion
3.1. Thermal behaviour of dynamic PCM system
As it was previously stated, the main aim of the dynamic PCM
system is to increase the heat dissipation of the PCM towards outdoors
during night-time, and hence be charged for its operation during the
peak load period. Fig. 5 shows the weather conditions and the thermal
proﬁle of PCM layer during two consecutive days, when the dynamic
system is implemented in ASHRAE envelope. In this section the amount
of PCM in the movable polymeric layer (2a in Fig. 1) is considered as
100%. In order to minimize the cooling load for the whole period in this
particular case, the optimizer provides the following design and control
parameters:
Fig. 3. Sketch of position of PCM depending on POS variable.
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• Peak melting temperature atTPCM =22 °C.
• Hour at which PCM is moved facing outdoors (t1) an hence POS
[t]= 1 at 00:27.
• Hour when PCM is returned to face indoors (t0) at 07:40 (POS
[t]= 0).
The dynamic system is able to take proﬁt of great portion of latent
heat, as PCM is oscillating always inside the phase change range. The
temperature drop once PCM is moved to face outdoors can be clearly
seen, which allows the system to be charged for the following day and
to remain below the set point of the indoor environment (24 °C), pro-
viding to the envelope with the dynamic system the ability to operate
not only as a thermal barrier, but as a cooling supplier. It is important to
highlight, that optimum PCM melting temperature is set at 22 °C in the
dynamic system, while in a conventional static PCM passive system for
the same case study (ASHRAE envelope) the optimizer provides an
optimum PCM melting temperature at 24 °C. This selection of melting
temperature for the static system limits strongly the capacity of the
system to act as cooling supplier, however, it is required to be able to
partially solidify and hence charge the PCM to be able to absorb and
delay the peak load during the following day.
Moreover, to deeply analyse this eﬀect, Figs. 6 and 7 present the
evolution of the cooling load rate (W/m2) and temperature of the
polymeric layer for the conventional system without PCM
(Static_NoPCM), static passive system with PCM (Static_PCM) with
optimum peak melting point at 24 °C, and dynamic system with PCM
(Dynamic_PCM) with optimum peak melting point at 22 °C. First, the
author wants to highlight the capacity of the dynamic system to provide
cooling to the indoor environment, as the cooling load is negative
(surface temperature is always lower than set point temperature), as the
dynamic system is able decrease signiﬁcantly the temperature of PCM
layer every day and partially solidify the material even having a low
melting point (22 °C). Second, even though the static use of PCM is
successful under this weather conditions and PCM is always inside
phase change range and partially solidiﬁed, its beneﬁts are limited to
operate as a thermal barrier. In this case, PCM delays and reduces the
peak cooling load every day, however, after the peak it discharges to
indoors the heat stored daily in the PCM, hence having higher cooling
load than system without PCM in that period. Moreover, it was de-
monstrated that the static PCM cannot provide cooling to the indoor
environment as the cooling load is always positive (surface temperature
always higher than set point temperature at 24 °C).
3.2. Cooling load reduction by using dynamic PCM wall
Table 2 presents the cooling load reduction achieved with static and
dynamic use of PCM (100% in weight of Layer 2a in Fig. 1). In the
diﬀerent analysed constructive systems in comparison to conventional
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Fig. 4. Weather conditions during the analysed period.
Table 1
Thermo-physical properties and constructive systems description.
Constructive system Layer Thickness (m) k (W/m·K) Cp (J/kg·K) Density (kg/m3)
ASHRAE Case 600 Wood sliding 0.01 0.14 900 530
PCM 0.007 0.2 f(T) 800
Foam insulation 0.0615 0.04 1400 40
Plastic sheet 0.007 0.3 1250 900
Concrete block 0.1 0.51 1000 1400
Mediterranean Puigverd de Lleida Hollow Brick 0.07 0.375 1000 930
PCM 0.007 0.2 f(T) 800
Insulation 0.05 0.05 1000 35
Plastic sheet 0.007 0.3 1250 900
Perforated brick 0.14 0.543 1000 900
Ideal PCM 0.007 0.2 f(T) 800
Insulation 0.072 0.05 1000 35
Plastic sheet 0.007 0.3 1250 900
A. de Gracia Applied Energy 235 (2019) 1245–1253
1249
static systems without PCM. In both PCM cases, static and dynamic
systems, the peak melting temperature (TPCM) is optimized to reduce
cooling load. Moreover, activations of dynamic system (t1 and t0) were
also optimized to minimize the cooling load. The impact of using static
PCM as passive cooling technology shows a cooling load reduction
between 14% and 27% depending on the constructive system. These
numerical results are in alignment with experimental values, as the
ones provided by Castell et al. [23], who achieved a cooling load re-
duction of 15% when implementing PCM as passive cooling system in a
house-like cubicle. On the other hand, when the PCM is able to vary its
position with respect to the insulation layer, facilitating its solidiﬁca-
tion process during night time and avoiding the discharge of the daily
stored heat indoors, the cooling load through the envelope is reduced
dramatically even to negative values. The negative cooling load values,
as well as higher than 100% cooling load savings, means that the
building envelope area using the dynamic technology will not only limit
the heat ﬂux from outdoors, but it will provide cooling, as well.
Therefore, dynamic PCM systems can be potentially used to dissipate
internal heat gains from indoors, apart from avoiding any heat inﬂow
from outdoors.
In addition, it is also important to highlight that the optimum
melting temperature is around the set point in static cases (24–25 °C)
while for dynamic use of PCM the optimum melting point drops to
22–23 °C, as the system can exploit more eﬃciently low temperatures at
night. Moreover, as expected, the ideal constructive system, in which
the dynamic PCM technology (polymeric sheet with and without PCM,
and with insulation) is installed without any other layer in the con-
structive system, provided the highest thermal beneﬁts. In this case, the
PCM can directly discharge absorbed heat to outdoors during night and
provide cooling directly to indoors during the day.
3.3. Parametric analysis of amount of PCM
In previous Sections 3.1 and 3.2, the performance of the system was
analysed in case of 100% of PCM in the movable polymeric layer (2a in
Fig. 1). However, as it was previously commented, it might occur that
the incorporation of PCM inside the polymeric sheet will be limited to a
certain amount or percentage. The aim of this section is to evaluate the
impact of the percentage of PCM in the 7mm polymeric sheet in the
performance of the whole system. That would also provide valuable
Fig. 5. Evolution of PCM temperature in dynamic system implemented in ASHRAE envelope.
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A. de Gracia Applied Energy 235 (2019) 1245–1253
1250
information to understand how control parameters can be aﬀected in
case of having less PCM than 100% in the polymeric sheet.
Table 3 presents the results of the parametric study to see how the
cooling load and the control strategies of the system are aﬀected by the
amount of PCM in the polymeric sheet. Regarding optimized values, the
author wants to highlight that the resulted optimum PCM melting
temperature from the PSOCC algorithm was the same as for the 100%
PCM case for each constructive system (23 °C for Mediterranean Puig-
verd de Lleida and 22 °C for ASHRAE and Ideal). On the other hand, the
activations of the dynamic system (t1 and t0) were varied depending on
the amount of PCM incorporated in the polymeric sheet. As expected,
the higher amount of PCM, the more time that PCM has to be located
facing outdoors (POS[t]= 1), as t1 is set earlier (in case of ASHRAE at
4:48 if there is no PCM, at 1:42 in case of 50% PCM, and at 0:28 in case
of 100%), and t0 is set later (6:42 if no PCM, 6:51 in case of 50% of
PCM, and 7:40 in case of 100% of PCM).
Moreover, Table 3 also shows the eﬀect of amount of PCM in the
cooling load reduction, which was calculated in comparison to con-
ventional static system without PCM (shown in Table 2). It has to be
highlighted that the system is able to provide cooling beneﬁts even
when used without PCM, and hence the heat storage capacity from just
the sensible heat of polymeric sheet is dynamically moved to face in-
doors or outdoors. Furthermore, the amount of PCM aﬀects diﬀerently
the cooling load reduction depending on the used construction system
(Fig. 8). In the case of the Ideal constructive system, it can be clearly
seen that the amount of PCM provide linear beneﬁts, which means that
all available PCM can be eﬀectively used to contribute to cooling load
reduction. On the other hand, in the ASHRAE and Mediterranean
(Puigverd de Lleida) case, the beneﬁts are not linear as they are ﬂat-
tened after a speciﬁc increment of PCM amount, which indicates that
there is a proportion of PCM which is not fully exploited due to the
presence of thermal mass surrounding the dynamic PCM system.
3.4. Sensitivity analysis of control parameters
The cooling beneﬁts showed in previous sections due to the use of
the novel dynamic PCM system were achieved when the system is op-
erating following a daily optimized schedule of activations (t1 and t0).
This section provides a sensitivity analysis of these two control para-
meters, and quantiﬁes the deviation in the cooling beneﬁts if any of
these control variables are varied from the optimum given by the
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Table 2
Cooling load reduction by using static and dynamic PCM for each constructive system.
Constructive system System Opt. TPCM (°C) Qload [J/m2] Cooling load reduction (%)
Mediterranean Puigverd de Lleida Static NoPCM – 2,027,089 –
Static PCM 25 1,588,003 21.66
Dynamic 23 −744,112 136.71
ASHRAE Static NoPCM – 1,583,021 –
Static PCM 24 1,148,238 27.47
Dynamic 22 −4,418,653 379.13
Ideal Static NoPCM – 1,728,540 –
Static PCM 24 1,470,672 14.92
Dynamic 22 −9,115,261 627.34
Table 3
Sensitivity analysis of PCM amount in cooling load and control parameters by
using dynamic system for each constructive system.
Constructive system PCM
amount [%]
t1 [hh:mm] t0 [hh:mm] Qload [J/m2]
Mediterranean
Puigverd de Lleida
0 5:44 7:36 1,433,764
25 3:45 8:24 233,949
50 2:25 8:43 −390,531
75 2.01 8:57 −637,412
100 2:00 8:48 −744,112
ASHRAE 0 4:48 6:42 564,178
25 3:23 6:45 −1,306,074
50 1:42 6:51 −3,048,458
75 1:27 7:23 −3,983,039
100 0:28 7:40 −4,418,653
Ideal 0 5:10 6:37 711,429
25 4:03 6:15 −1,646,370
50 3:36 6:26 −4,199,487
75 3:09 6:46 −6,715,413
100 2:52 6:50 −9,115,261
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PSOCC algorithm. Table 4 presents diﬀerent case studies in which the
cooling load reduction of the dynamic PCM (100%) system im-
plemented in ASHRAE constructive system is evaluated for diﬀerent
variations of the two control variables. As in the previous section, the
cooling load reduction is calculated against a conventional static system
without PCM. It can be seen that even though having a signiﬁcant
impact, the selection of h1 (hour at which PCM is moved to face out-
doors) is less critical than the selection of h0 (hour at which PCM is
moved back to face indoors). This is especially critical in cases where h0
is set later than the optimum value (07:40) for this speciﬁc constructive
system and weather conditions, as it can even provide overheating to
the indoor environment.
4. Conclusions
This paper provides a proof of concept evaluation of a novel dy-
namic PCM system for its application in building envelopes. A numer-
ical tool was used to demonstrate the cooling load reduction potential
of this technology when implemented in diﬀerent constructive systems.
The ability of the system to modify the position of PCM layer with
respect to the insulation layer allows the solidiﬁcation of PCM even
when using PCM with a peak melting temperature below the indoor set
point (24 °C in this study). This ability allows the technology to be used
not only as a thermal barrier and, hence limit the heat gains from the
outer environment, but to be used as a cooling supplier system. This
system can dissipate internal heat gains, or outdoor heat gains from
other surfaces of the indoor space, increasing dramatically the thermal
beneﬁts and potential of the use of PCM in building envelopes. Results
showed that when implemented in ASHRAE case 600 constructive
system, the system with optimum design (melting temperature of PCM
at 22 °C) and optimum control (h0 at 00:28 and h1 at 7:40) achieves a
cooling load reduction of 379% in comparison to a system without
PCM.
The parametric study carried out to evaluate the inﬂuence of PCM
amount showed that it is mandatory to evaluate the whole construction
system when designing the integration of this technology in a certain
building envelope in order to fully exploit the beneﬁts of the dynamic
PCM system. Moreover, numerical results have shown that the perfor-
mance of the novel technology is very sensitive to its control, and de-
termining an appropriate schedule of operation is mandatory not only
to fully exploit the potential of the technology, but also to avoid un-
desired eﬀects such as overheating. In this work, the activations of the
system were optimized considering an average performance during the
whole period (10 days). A more sophisticated control based on daily
control optimization or Model Predictive Control would provide even
higher beneﬁts than the presented in this study. Finally, the author
wants to highlight that this novel technology is not limited to be used in
vertical walls, as the ones discussed in the paper, but it could be also
integrated in roofs or ceilings.
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